The extent of biological inactivation and of the degradation of the RNA after reaction of bacteriophage R17 with ethyl methanesulphonate, isopropyl methanesulphonate and N-ethyl-N-nitrosourea was studied. Formation of breaks in the RNA chain probably results from hydrolysis of phosphotriesters formed in the alkylation reactions. Near neutral pH the ethyl and isopropyl phosphotriesters are sufficiently stable for the kinetics of the hydrolysis reaction to be followed. Results indicate that the rate of hydrolysis increases rapidly as the pH is raised. The evidence shows that a phosphotriester group does not itself constitute a lethal lesion. The extent of phosphotriester formation by the different agents is discussed in terms of reaction mechanism.
Previous work has demonstrated that bacteriophage R17, which contains one single-stranded RNA molecule, can be used to determine which of a spectrum of reaction products constitute lethal lesions (Shooter et al., 1974) . Use hasgnow been made of this model system to determine the biological effect of phosphotriester formation after reaction with different alkylating agents. Bannon & Verly (1972) have provided direct evidence for phosphotriester formation in the reaction of ethyl methanesulphonate with isolated DNA and have demonstrated that the triester is stable. Lawley (1973) has studied the reaction of N-[14C]-methyl-N-nitrosourea with isolated 32P-labelled DNA and from chromatography of enzymic digests has found that 18% of the bound methyl groups occur in products which can be assigned the structure dN,p(Me)dN2 where dNj and dN2 denote deoxyribonucleoside residues and p(Me) is a methylated phosphate group. Rhaese & Boetker (1973) have analysed the kinetics of mutation and biological inactivation induced by alkylation of DNA and from their results have concluded that phosphotriesters constitute lethal lesions in nucleic acids. In contrast with the stability of phosphotriesters in DNA such moieties in RNA would be unstable and hydrolyse readily . The chain breaks produced in the RNA molecules of bacteriophage R17 after reaction with two methyl nitroso compounds have been attributed to the-hydrolysis of methyl phosphotriesters (Shooter et al., 1974) . In reactions with these methylating agents, although the extent of triester formation only accounted for 3% of the methyl groups bound to the RNA, the contribution to biological inactivation amounted to 18 %. The hydrolysis Vol. 137 of the methyl phosphotriesters formed was found to be complete within the time-scale for the alkylation reaction.
In the present work some effects of treating bacteriophage R17 with two ethylating agents and one isopropylating reagent have been investigated. It has been assumed, following the arguments presented in a previous paper (Shooter et al., 1974) , that the formation of breaks in the RNA chain results from the hydrolysis of phosphotriesters. Formal proof of the presence of alkyl phosphate residues in the RNA requires a detailed analysis of the products of alkylation, and this work is not yet complete. Lawley (1972a,b) has suggested that O-alkylation occurs mainly in reactions of the SNi-type mechanism. In a series of alkyl methanesulphonates, the extent of phosphotriester formation would thus be expected to increase in the sequence methyl, ethyl, isopropyl, in parallel with the increasing predominance of the S14-type mechanism. In addition, reaction with N-ethyl-N-nitrosourea should produce more ethyl phosphotriester than reaction with the ethyl methanesulphonate, since the former compound breaks down to give the ethyldiazonium ion or the ethyl carbonium ion as the proximal alkylating agent (Lawley & Thatcher, 1970) .
Experimental
Bacteriophage R17 was grown, isolated and purified as described previously (Shooter et al., 1971 (Shooter et al., , 1974 . Assays of the number of infective particles (plaque-forming units) in solutions were made by using the agar-layer method (Clowes & Hayes, 1968) . For physicochemical studies RNA was isolated by the method of Freifelder (1965 Freifelder ( , 1966 and the extent of degradation determined from bandsedimentation experiments in an analytical ultracentrifuge. Further details of these methods are given by Shooter et al. (1974) .
Ethyl methanesulphonate was obtained from Eastman-Kodak Co. (Rochester, N.Y., U.S.A.) and isopropyl methanesulphonate from Koch-Light Laboratories Ltd. (Colnbrook, Bucks., U.K.). N-Ethyl-N-nitrosourea was synthesized by using the method of Werner (1919) for N-methyl-N-nitrosourea.
Measured volumes of ethyl methanesulphonate, corresponding to final concentrations of 1-11 mg/ml, were added to suspensions of bacteriophage (1.7mg/ ml) in 0.2M-sodium phosphate buffer, pH7.0, and assays for biological activity and for degradation of the RNA were performed after-incubation for 24h at 37°C. From data given by Barnard & Robertson (1961) the half-time for the hydrolysis of the sulphonate under the conditions used was calculated as 11.5h.
Experiments with isopropyl methanesulphonate (final concentrations 2-llmg/ml) were performed with suspensions of the bacteriophage (1.7mg/ml) in 0.2M-phosphate, pH7.0, or 0.2M-Tris-HCI, pH8 or pH9. At the highest dose liberation of acid on hydrolysis lowered the pH of the solution by 0.7-1.1pH units. Observations on the rate of fall of pH were used to determine the approximate halftime for the hydrolysis reaction as 7min at pH7 and 8, and 6min at pH9. Measured volumes of the sulphonate were added to the suspensions ofbacteriophage preincubated to a temperature of 37°C and the incubation was continued at this temperature for 1-24h before sampling for the assays of plaqueforming units and RNA chain breaks.
N-Ethyl-N-nitrosourea was dissolved in ethanol (40mg/ml) and measured volumes giving final concentrations of 1-8mg/ml were added to suspensions of the bacteriophage (1.7mg/ml) in 0.2M-phosphate buffer, pH7.0, incubated at 37°C. Measurements of the rate of decrease of the E396 gave a half-time for the decomposition of the nitroso derivative of 15min.
Results and Discussion
The relationship between loss of biological activity and degradation of RNA after reaction with ethyl methanesulphonate is shown in Fig. 1 . From the graph the mean lethal dose (the concentration of reagent needed to decrease survival relative to control to e-1) is 1.2mg/ml. At this dose the fraction of unbroken RNA chains relative to the control is 0.85. Since, by definition, there is one lethal event per bacteriophage at the mean lethal dose, the formation of chain breaks accounts for only a small fraction (0.15) of the inactivating events, the (1-11 mg/ml) and the mixtures were incubated for 24h at 37°C. Assays were then made for survival of biological activity and for degradation of RNA. Data in each case are plotted as the ratio (treated/control). 0, Survival of infectivity; A, survival of unbroken RNA molecules.
remaining fraction (0.85) resulting from lethal lesions formed, e.g., by alkylation of the base residues (cf. Shooter et al., 1974) .
In the experiments with N-ethyl-N-nitrosourea and isopropyl methanesulphonate the extent of inactivation of the bacteriophage increased if incubation was extended beyond 1 h at 37°C even though at this stage hydrolysis was at least 95%. Measurements showed that, with time, the extent of inactivation observed reached a limiting value and then remained unchanged, relative to the control, for a further 48-72h.
In Figs. 2 and 3 the estimates of RNA chain breaks and survival of infectivity observed after 24h at 37°C are compared with results observed after 1 h at 37°C. The data at 24h represent the limit for both changes. The increase in chain breaks and the decrease in survival are, in both cases, clearly too large to be accounted for by reaction with the 5 % or less of reagent still present after I h. Further experiments showed that, with all the compounds used in the present work, no loss of biological activity and no chain breaks occurred if the compounds were fully hydrolysed before addition ofthe bacteriophage. Experiments with other alkylating agents that do not induce breaks in the RNA chain, namely di-(2-chloroethyl) sulphide, 2-chloroethyl 2-hydroxyethyl sulphide (Shooteretal., 1971) , dimethyl sulphate and methyl methanesulphonate (Shooter et (Lawley & Shah, 1972a) have led Lawley (1972a,b) to suggest that alkylation at oxygen sites occurs with reagents which react predominantly by the SN1 mechanism. Examples of such reagents are N-methyl-N-nitrosourea and N-methyl-N'-nitro-N-nitrosoguanidine, both of which alkylate 0-6 of guanine as well as the oxygen of the backbone phosphate group. Reagents which react predominantly by the SN2 mechanism, e.g. methyl methanesulphonate and dimethyl sulphate, alkylate 0-6 of guanine very little if at all (Lawley & Shah, 1972b) and do not form detectable amounts of phosphotriester as judged by the degradation of RNA (Shooter et al., 1974 of the tendency to the SN1 type of reaction, the data of Table 1 indicate that in the homologous series of the methanesulphonates, a predominantly SN2 type reaction occurs with the methyl derivative, whereas the ethyl derivative shows some SN1 character and the isopropyl derivative even more. This transition in the reaction mechanism in an homologous series parallels that predicted and illustrated by the work of Ingold and his colleagues on the reactions of alkyl halides (Ingold, 1970) . Studies of the mode of action of the nitroso derivatives (Lawley & Thatcher, 1970; Lawley, 1972a,b) have suggested that the reaction mechanism is predominantly SNI type, the proximal alkylating entity being the alkyldiazonium ion or the alkylcarbonium ion derived from this. The data of Table 1 reflect the transition from SN2 to SNI mechanism going from methyl methanesulphonate to N-methyl-N-nitrosourea and also indicate the more predominantly SN1 character of reactions involving N-ethyl-N-nitrosourea compared with ethyl methanesulphonate.
A point that may be stressed is that the hydrolysis of an alkyl phosphotriester may occur in two ways, either by loss of the terminal part of the RNA molecule giving a chain break, or simply by loss of the alkyl group leaving the RNA chain intact. The relative frequency with which these two pathways for hydrolysis are followed is not known.
The present work has shown that the loss of biological activity after the end of the initial reaction period parallels fairly closely, both quantitatively and kinetically, the increase in the number of breaks in the RNA molecules. Since, therefore, the formation of a break in the RNA chain introduces a new lethal lesion into the bacteriophage, it follows that the alkyl phosphotriester itself is not a lethal lesion.
